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Abstract 



T3 



We investigated the electronic structures of the bandwidth-controlled ruthen- 



ates, Y2RU2O7, CaRu03, SrRuOs, and Bi2Ru207, by optical conductivity 
analysis in a wide energy region of 5 meV ~ 12 eV. We could assign opti- 
cal transitions from the systematic changes of the spectra and by comparison 
^ ■ with the O Is x-ray absorption data. We estimated some physical parameters, 

such as the on-site Coulomb repulsion energy and the crystal-field splitting 
energy. These parameters show that the Ad orbitals should be more extended 
than 3d ones. These results are also discussed in terms of the Mott-Hubbard 
model. 
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I. INTRODUCTION 

The Mott transition has been widely studied in strongly correlated electron systems 
as one of the most important mechanisms for metal-insulator transition.B For 3d transition 
metal oxides, which have rather localized electron orbitals, the electron-electron (el-el) corre- 
lation becomes significant and plays important roles in determining their physical properties. 
Up to now, most works on the Mott transition have been focused on the 3d transition metal 
oxides, especially with early transition metals, such as Ti and V.H On the other hand, for Ad 
and 5d transition metal oxides, it has been known that the el-el correlation becomes weaker 
due to their more extended d orbitals. 

Since unconventional superconductivity was observed for Sr 2 Ru04,B there has been large 
interest in ruthenates. Although ruthenates belong to the 4d transition metal oxides, some 
experimental works have suggested that the correlation effects play important roles. By 
investigating optical conductivity spectra ct(uj) of SrRu0 3 , Kostic et al. claimed that its 
electrodynamics could not be explained by the Fermi-liquid theory.Q Lee et al. reported 
observation of pseudogap formation in BaRuC>3, which has some similarities with the pseu- 
dogaps of high T c superconductorsE From photoelectron spectroscopy (PES) and x-ray 
absorption (XAS) measurements of SrRuC>3, Fujioka et al. reported that its electron corre- 
lation effects should be considered to be important B 

Electrical properties of the ternary ruthenates show systematic changes from a Mott 
insulator to a band metal. Y 2 Ru 2 7 has the pyrochlore structure and shows an insulating 
behavior. Both CaRu03 and SrRuC>3 have the perovskite structures and show metallic 
responses. Note that SrRuC>3 is more metallic than CaRuOs, and that SrRuC>3 becomes 
ferromagnetic below 160 K. Bi 2 Ru 2 7 has the pyrochlore structure and behaves as a Pauli 
paramagnetic metal. All of the above pyrochlore and perovskite ruthenates have four 4d 
electrons in the Ru 4+ ions with the low spin configuration. Since all of the ruthenates 
have three-dimensional networks of corner-shared RuC>6 octahedra, they are expected to 
have similar electronic structures. Cox et al. investigated systematically the electronic 
structures of the ruthenates using PES and electron energy loss spectroscopy.Q Their results 
were consistent with a progressive decrease in the transfer-energy integral that determines 
the Ru 4d bandwidth in the series Y 2 Ru 2 7 <CaRu0 3 <SrRu0 3 <Bi 2 Ru 2 7 , and the 
insulating behavior of Y 2 Ru 2 7 could be understood in terms of the correlation-induced 
electron localization, i.e. the Mott transition. 

An optical spectroscopy measurement in a wide spectral region is also known to be a 
powerful tool to analyze the electronic structures of some highly correlated electron systems!!! 
In this paper, we investigated the electronic structures of the ternary ruthenates, Y 2 Ru 2 7 , 
CaRu0 3 , SrRu0 3 , and Bi 2 Ru 2 7 by measuring reflectivity spectra from 5 meV to 30 eV. 
Their <j(uj) showed systematic changes as the Ru 4d bandwidth increased. Combined with 
the O Is XAS data, we could determine optical transitions of ruthenates. We found that 
the old assignments of the transitions by one of us (T.W.N.),El related to the Hubbard bands 
and the quasi-particle (QP) band of the perovskite ruthenates, were not correct. Such a 
mistake occurred because the assignments were made solely on the basis of <j(u>) below 5 eV. 
However, in this study, the transition assignments were made based on u(uj) of four different 
compounds in a much wider spectral region. And, the assignments were also consistent with 
the O Is XAS data. From the fitting on a(u>) of CaRu0 3 , we could estimate some physical 



quantities, such as the on-site Coulomb repulsion energy U and the crystal field splitting 
lODq. 

II. EXPERIMENTAL TECHNIQUES 

Optical spectra of the perovskite ruthenates were measured using epitaxial films. The 
SrRu0 3 and the CaRu0 3 films were epitaxially grown on the SrTi0 3 substrates using the 
pulsed laser deposition and sputtering techniques, respectively.tiM The film thicknesses were 
larger than 4000 A, which are much thicker than the penetration depth of the light, so the 
reflected light from the SrTi0 3 substrates became negligible. For the CaRu0 3 films, it is 
well known that their transport properties can be changed significantly, namely from a metal 
to an insulator, by strain effects.!^! To obtain films whose properties were similar to those of 
a bulk sample, we used a substrate with a large miscut angle of 5 ~ 7 °. 

Optical spectra of the pyrochlore ruthenates were measured using high density polycrys- 
talline samples. The Bi 2 Ru207 and Y2RU2O7 polycrystalline samples were synthesized by 
sintering under a high pressure of around 3 GPaJi3 Such a high pressure was applied to ob- 
tain high density samples, since it was difficult to obtain reliable optical data using samples 
with high porosity. Since the pyrochlore phase is a cubic phase, the optical constants of the 
pyrochlore ruthenates should be isotropic. So, we could determine their optical constants 
even from polycrystalline samples. Before optical measurements, the surfaces of the poly- 
crystalline samples were polished up to 0.3 /xm. After optical measurements, thin gold films 
were evaporated on the samples and used to make corrections due to scattering from rough 
sample surfaces. 

We measured reflectivity spectra from 5 meV to 30 eV using numerous spectrophotome- 
ters at room temperature. In the energy region between 5 meV and 0.6 eV, we used a 
conventional Fourier transform spectrophotometer. Between 0.5 eV and 6.0 eV, we mea- 
sured the spectra using a grating spectrophotometer. In the deep ultraviolet region above 
6.0 eV, we used the synchrotron radiation from the normal incidence monochromator beam 
line at Pohang Accelerator Laboratory. From the reflectivity spectra in a wide region, we 
used the Kramers-Kronig (K-K) transform to obtain a(u). For this analysis, the reflectivity 
below 5 meV was extrapolated with the Hagen-Rubens relation for the metallic ruthenate 
samples and with a constant value for the insulating Y2RU2O7 sample. For a high frequency 
region, the reflectivity value at 30 eV was used for reflectivities up to 40 eV, above which 
co>~ 4 dependence was assumed. We found that the results presented in this paper were nearly 
independent of the details of the extrapolation. To check the validity of our K-K analysis, 
we also independently determined cr(u) using spectroscopic ellipsometry techniques in the 
photon energy range of 1.5 ~ 5.5 eV. <j{oj) data from the spectroscopic ellipsometry agreed 
quite well with the results from the K-K analysisHI 

III. RESULTS AND ANALYSIS 

Figure 1 shows room temperature cr(u) of Y2RU2O7, CaRu0 3 , SrRu0 3 , and Bi 2 Ru207. 
As displayed in Figs. 1(a) and (b), the spectra of Y 2 Ru 2 07, CaRu0 3 , and SrRu0 3 show 
similar interband transitions in the energy region between 3 and 12 eV. Three strong peaks 



around 3, 6, and 10 eV are commonly observed. These facts indicate that the electronic 
structures of these compounds should be quite similar. However, cf(uj) of Bi 2 Ru 2 7 looks 
different from those of other ruthenates. While the peak around 10 eV disappears, the peak 
around 6 eV is much enhanced. [Nevertheless, as we will show later, these features also can 
be understood in terms of an electronic structure which is basically similar to those of other 
ruthenates, and the differences in the spectral distribution come from the differences in the 
allowed transitions.] 

It should be noted that the spectra in the energy region below 2.5 eV vary from a sample 
to a sample. As shown in Fig. 1(a), <r(u) of Y 2 Ru 2 07 does not have any Drude-like peak, in 
agreement with the fact that it is in an insulating state. Also, a rather weak peak appears 
around 1.7 eV. As shown in Fig. 1(b), cr(uj) of CaRu0 3 has a coherent Drude-like peak 
and an incoherent weak peak around 1.7 eV, which is quite similar to that observed in 
Y 2 Ru 2 7 . On the other hand, cr(uj) of SrRu0 3 and Bi 2 Ru 2 7 have the Drude-like peaks, 
but do not show any peak around 1.7 eV. Since the ruthenates become more metallic as it 
goes from Y 2 Ru 2 7 to Bi 2 Ru 2 7 , the systematic changes of the coherent Drude-like peak 
and the incoherent peak around 1.7 eV could be closely related to electrical properties of 
the systems. 

Figure 2 is a schematic diagram for the electronic structure of CaRu0 3 . The diagram is 
mainly composed of three parts: (1) the Ru Ad states near E F , (2) the O 2p states around 
5 eV below E F , and (3) the unoccupied Ca 3d states around 6 eV above Ep. CaRu0 3 is a 
metallic compound very close to the Mott transition. u According to the dynamic mean field 
theoryEJ for a metallic sample near the Mott transition, its one particle spectral function will 
be split into two Hubbard bands in addition to the QP band located at Ep. Therefore, the 
Ru Ad states might be split into upper and lower Hubbard bands by the on-site Coulomb 
repulsion energy U with the QP band at Ep. And, the upper Hubbard band might be 
further splits into states of the £ 2g and the e g symmetries by lODq. 

To explain the electronic structures of other compounds, we should make two minor 
modifications in Fig. 2. First, the unoccupied Ca 3d states should be replaced by the 
unoccupied Y Ad, Sr Ad, or Bi 6p states. For the Y Ad and Bi 6p states, they might be 
located at energies lower than those of the Ca 3d and Sr Ad states and could overlap with 
the e g states.Ej'H Second, the details of the Ru Ad states near Ep should vary according to the 
el-el correlation effect. For insulating Y 2 Ru 2 7 , the Hubbard bands are completely split due 
to the large el-el correlation, and the QP peak disappears.Q On the other hand, for a band 
metal, such as Bi 2 Ru 2 7 , the el-el correlation becomes quite weak, and the Hubbard bands 
merge to form a single partially filled band at Ep. For SrRu0 3 , the structures of the Ru Ad 
states might be close to those for Bi 2 Ru 2 7 , because SrRu0 3 is known to be less correlated 
than CaRuO 3 .0 [Note that, with such changes, the diagram in Fig . 2 becomes consistent 
with the results of the PES and the XAS experiments on SrRu0 3 ll3 and (Bi,Y) 2 Ru 2 7 .H3] 

To understand a [to) of CaRu0 3 , we considered all of the possible optical transitions, 
which were marked as solid lines at the top of the electronic structure diagram in Fig. 2. 
According to the Fermi's golden rule,E-3 the optical transition rate from an initial state \i) 
to a final state |/) can be written as 

Ii^f~\(f\ro-p[i)\ 2 PiPf, (1) 

where pi and pf are densities of states for \i) and |/), respectively. Inside the transition 



matrix element, f is the space unit operator, and p is the momentum operator. For an 
isolated atom, the transition matrix element allows electric dipole transitions with the se- 
lection rule of AL = ±1, where AL means the difference between the angular momentum 
quantum numbers for the state \i) and |/). For solids, the matrix element also depends on 
the overlap integral between \i) and |/) states. Since the O 2p bands are hybridized with 
the Ru Ad and the Ca 3d bands, the transitions from the O 1p to the Ru t 2g (Transition 
A), the Ru e g (Transition B), and the Ca 3d states (Transition C) will be allowed. The 
transitions between the Ru Ad states should be forbidden in an isolated atom. However, in 
real oxides, some interatomic transitions could be allowed, and some intraatomic transition 
might be possible due to the hybridization with the O 2p bands and/or local distortions!! 
[Note that the transitions between the Ru Ad states should be much weaker than the charge 
transfer transitions from the O 2p to the Ru Ad states.] For CaRuOs, three transitions from 
the occupied Ru t 2g states to the unoccupied Ru t 2g (Transition a), the Ru e g (Transition 
/3) and the Ca 3d states (Transition 7) were considered. [Other transitions involving the QP 
states were possible, but found to be quite small except for the Drude peaks for metallic 
samples.] 

Interestingly, most of the expected interband transitions are observed in a(u) of CaRuOs. 
As shown in Fig. 3, cr(u)) of CaRu0 3 is composed of three strong peaks around 3, 6, and 
10 eV, and two weak peaks around 1.7 and 4.3 eV. The large differences in peak strengths 
might be originated from the different characters of each excitation. We fitted cr(u) of 
CaRuOs below 12 eV with a Drude model and five Lorentz oscillators, whose contributions 
are represented by the dotted linesJl3 The functional forms of the Lorentz oscillators are 

ffM = ?(^fFTrR' (2) 

where Si, Tj, and a>j represent the strength, the damping constant, and the frequency of the 
iih Lorentz oscillator, respectively. The values of the fitting parameters are listed in TABLE 
I. Note that the oscillator strengths of i—2, 4, and 5 are stronger by about a factor of 5 than 
those of i=l and 3. 

To assign the interband transitions of CaRuOs properly, we found that it was very helpful 
to check a(u) of Y2RU2O7. As shown in Fig. 1(a), the first and the second peaks appear at 
1.7 eV and 3.2 eV, respectively, which are similar to the low lying peak positions of CaRuOs. 
Considering that Y 2 Ru 2 7 is a Mott insulator, we assigned the lowest peak as the transition 
between the Hubbard bands. Actually, similar features were also observed in other insulating 
ruthenates, such as Ca2Ru04 and c-axis S^RuO^tSEy Thus, it is quite reasonable that the 
oscillators of z=l and 2 for CaRuOs should be assigned as Transitions a and A, respectively. 
Considering the energy differences between each excitation and their relative strengths, we 
assigned the oscillators of i=A and 5 as Transitions B and C, respectively. Our fitting also 
shows that there is another weak oscillator around 4.36 eV, which was assigned as Transition 
(3. Note that this transition should have much lower strength than any other transitions due 
to the selection rule, and that this excitation could not be seen in a(u) of other ruthenates. 

Our peak assignments of CaRuOs axe also consistent with the results of the O Is XAS 
experiments, which probe the unoccupied states of the Ru Ad and the Ca 3d orbitals which 
are strongly hybridized with the O 2p orbitals. As shown in the inset of Fig. 3, three peaks 
were observed around 530, 533, and 537 eV. The near edge intensities around 530 and 533 



eV are attributed to the states with the mixed 2p-Ru Ad characters of the ti g and the e g 
states, respectively. And, the peak around 537 eV comes from the Ca 3d states. The peak 
positions of the Ru e g and the Ca 3d states relative to the unoccupied Ru t 2g states are 
about 3 and 7 eV, respectively. These energy differences are consistent with those between 
the optical p-d transitions A and B (3.14 eV), and A and C (6.47 eV), respectively. This 
indicates that our peak assignments are quite reasonable. 

Based on the assignments for cr(u) of CaRuOs, ct{uj) of the other ruthenates can be 
assigned in similar ways. For Y2RU2O7, the distinct peaks near 3 and 6 eV can be assigned as 
Transitions A and B, respectively. And, the peak around 9 eV can be assigned as Transition 
C from the O 2p states to the Y Ad states. For SrRuC>3, Transitions A and B can be assigned 
in a similar way, and Transition C from the O 2p states to the Sr Ad states appears around 
10 eV. On the other hand, these peak values of the p-d transitions are smaller by about 
3.0 eV than the energy difference between the corresponding states whose positions were 
measured by PES and XAS.t3 The difference might be due to the formation of an exciton in 
the optical process, whose binding energy will lower the value of transition peak. Also, the 
spectral weights lying closer to Ep would contribute to <j(uj) more significantly than those 
further away from Ep, so the measured value of transition energy in <j{uj) could be smaller 
than the actual energy separation of the initial and final states. 

As shown in Fig. 1, <j(u) of Bi 2 Ru207 is quite different from the other spectra. However, 
we can still explain its optical spectra using an electronic structure similar to those of other 
ruthenates. For Bi2Ru207, the unoccupied Bi 6p states, instead of the d states for other 
ruthenates, are located very close to the e g states.li3 While Transition B is expected near 6 
eV, Transition C between the O 2p and the Bi 6p states should be quite weak due to the 
selection rule. On the other hand, Transition 7 from the Ru t2 9 to the Bi 6p states becomes 
possible, and should be located at lower energy than Transition C. Thus, the strong 6 eV 
structure for Bi2Ru207 can be attributed to Transitions B and 7, which are located at similar 
energies. 1211 

Up to this point, for some Mott-Hubbard systems, there have been controversies about 
assignments of the interband transitions related to Hubbard bands. For example, in 
(Sr,Ca)V0 3 , the assignment of the U peak, i.e. transition between the Hubbard bands, 
was the subject of controversy, but was settled recently.E3o In ruthenates also, assignments 
for 1.7 and 3.0 eV transitions have been controversial.&o Aim et al. assigned the 3.0 eV 
peak as Transition ap but Dodge et al. attributed the peak as a charge transfer transition 
from the O 2p to the Ru t 2g states." Based on a{uS) studies in a much wider photon energy 
region and the XAS studies, we finally concluded that peaks around 1.7 and 3.0 eV should 
be assigned as Transitions a and A, respectively. 

IV. DISCUSSION 

From our optical analysis, we can obtain some important physical parameters such as U 
and 10-Dg. The photon energy of the d-d transition, i.e. Transition a, corresponds to the 
value of U. [Note that the U obtained from c(u>) will be smaller than the energy difference 
between the upper and the lower Hubbard bands whose positions are determined by the PES 
and XAS due to the exciton and the screening effects.] Our study shows that the U values 
of Y2RU2O7 and CaRuOs are quite similar, i.e. about 1.7 eV. And, the energy difference 
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between Transitions A and B corresponds to lODq. For all of the ruthenates we studied, 
the lODq values are around 3.0 eV, which is consistent with the theoretical results£3n3 

It would be quite useful to compare the U and lODq values of the ruthenates with those 
of other 3d transition metal oxides, which were obtained from optical measurements. The 
values of U, i.e. about 1.7 eV, in ruthenates are much smaller than those in the 3d transition 
metal oxides which have similar numbers of d electrons. For example, in case of manganites 
with three or four electrons per Mn ion, the value of U was estimated to be larger than 3 
eV.Q Instead, the value of U for CaRu03 is very similar to that of vanadates which have two 
electrons per V ion£3cZl The small value of U in ruthenates might be due to the fact that 
Ad electrons have more extended wavefunctions than 3d electrons. And, the value of lODq 
around 3 eV in ruthenates is larger than that of the 3d transition metal oxides, such as 2.3 
eV for Ni-oxides,c3 1.1 ~ 1.8 eV for Mn-oxides.o€2l The anisotropic Coulomb potential due 
to the surrounding oxygen ions could influence the Ad orbitals more strongly due to its larger 
size. Both the small value of U and the large value of lODq in ruthenates indicate that the 
Ad orbitals should be more extended than 3d ones. 

It was found that the general behaviors of our spectra could be well explained in the 
regime of the Mott-Hubbard model with the bandwidth control. As the bandwidth increases, 
the system becomes more metallic, and the spectral weight of the Hubbard bands transfers 
to the QP peak at Ep. Accordingly, the d-d transitions related to the Hubbard bands, 
such as Transitions a and /3, are expected to become weaker. As it goes from Y 2 Ru 2 7 to 
Bi2Ru20y, the distinct Transition a in Y2RU2O7 becomes weaker and finally disappears in 
SrRuOs and Bi 2 Ru20y. Especially for CaRuC-3, its ct(uj) shows the coherent peak as well as 
Transition a, which could be a typical optical feature of a correlated metal near the Mott 
transition.E3 Simultaneously, Transition A shifts to a lower energy by about 0.6 eV, which 
might be related to the merging of the ti g bands to Ep which were originally split due to 
the correlation effects. These results are quite consistent with Cox et aVs photoemission 
work, which suggested that ruthenates should belong to the class of bandwidth-controlled 
Mott-Hubbard systems.!!! 

V. SUMMARY 

We investigated optical properties of Y2RU2O7, CaRuOs, SrRuOs, and Bi 2 Ru207 in a 
wide energy region from 5 meV to 12 eV. Their optical conductivity spectra obtained through 
the Kramers-Kronig transformation show the systematic variation from a Mott insulator of 
Y 2 Ru 2 7 to a band metal of Bi 2 Ru 2 7 . The general behaviors of the optical spectra could 
be well explained by the Mott-Hubbard model. Combined with O Is x-ray absorption mea- 
surements, the optical excitations were properly assigned based on the electronic structures. 
From the peak assignments, we could estimate some physical parameters, such as the on-site 
Coulomb repulsion energy and the crystal field splitting energy. Compared to such parame- 
ters of the 3 d transition metal oxides, the results could describe the more extended character 
of the Ad orbitals in ruthenates. 
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FIGURES 

FIG. 1. Room temperature optical conductivity spectra cr(uj) of (a) Y2RU2O7, (b) CaRu03 
and SrRu03, and (c) Bi2Ru207. The indecies of each peak indicate the corresponding optical 
excitations, which are displayed in Fig. 2. 

FIG. 2. A schematic diagram of the electronic structures of CaRu03. Near Ep, the occupied 
and unoccupied Ru tig states are located with the QP states at Ep. There are the e g states above 
the unoccupied ti g states. Outside these Ru d states, there are the occupied O 2p states and the 
unoccupied Ca 3d states. Other ruthenates, namely, Y2RU2O7, SrRu03, and Bi2Ru207, should 
have similar electronic structures with a couple of differences, which are described in the text. 

FIG. 3. Detailed analysis on cr(ui) of CaRu03. The fitted results (a solid line) are well consistent 
with the experimental data of <j{lu) (solid circles). The contribution of the Drude term and five 
Lorentz oscillators are represented by the dotted lines. The Lorentz oscillator at 4.36 eV is shown as 
a thick dotted line for the eye. The dashed line indicates the background contribution from higher 
energy peaks above 12 eV which are not shown in this figure. The inset shows the experimental 
result of the O Is x-ray absorption spectroscopy on CaRu03. 
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TABLES 



TABLE 


] I. Values of Lorentz oscillator fitting parameters 


for CaRuOa 






u>i (eV) 


L,(eV) 


Si 


(a 


1 cm 1 ' 


■ eV) 


Assignments 


i=l (Transition a) 


1.71 


1.30 






658 




h g -> tig 


i=2 (Transition A) 


3.08 


1.82 






2500 




2 P ^ t 2 g 


i=3 (Transition (5) 


4.36 


1.57 






661 




t 2g -> e s 


i=A (Transition B) 


6.22 


3.22 






3950 




O 2p -> e 9 


i=5 (Transition C) 


10.55 


2.20 






2114 




O 2p -> Ca 3d 
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I 

£ 3000 
O 

L^ 2oo ° 



SrRu0 3 

CaRu0 3 




2 4 6 8 10 12 

Photon Energy (eV) 




Photon Energy (eV) 



